Objectives: Pigs have been the focus of the worldwide spread of colistin resistance. However, there is little information on the transmission of mcr-1-containing bacteria into the environment of pig farms. We therefore rescreened environmental Escherichia coli isolates from the surrounding farm areas of three previously mcr-1-positive swine herds in Germany.
Introduction
A plasmid-encoded colistin resistance gene named mcr-1 was described in Enterobacteriaceae isolated from humans, livestock and raw meat in China in 2015. 1 Since then, plasmid-mediated colistin resistance by mcr-1 has been reported worldwide in humans, livestock, companion animals, food and wildlife. 2 Colistin is approved for use in veterinary medicine and widely used to treat gastrointestinal infections in pigs and poultry. 3 Livestock was therefore the focus of mcr-1 spread right from the outset.
We rescreened Escherichia coli isolates originally obtained in 2011-12, recovered from environmental samples of three previously mcr-1-positive swine farms in Germany. In these farms E. coli strains with colistin resistance encoded on incX4 and incHI2 plasmids were detected in pooled pig faeces and boot swabs from the stables. This study was undertaken to investigate whether environmental samples from areas surrounding the farms and possible vectors such as flies and barn dogs harboured mcr-1-positive strains back in 2011-12.
Materials and methods
During the national research project RESET (www.reset-verbund.de) seven pig farms were investigated between 2011 and 2012. 4 The resulting mixed bacterial cultures derived from farm samples, such as pooled faeces and indoor boot swabs, were recently screened for the presence of mcr-1. The results obtained showed that three out of seven investigated farms (farm 1, farm 2 4 and farm 3 4 ) contained mcr-1-positive E. coli isolates within pooled faeces samples. In an attempt to reveal possible emission sources, 35 mixed bacterial cultures previously obtained from the environment of the three pig farms 4 were rescreened for the presence of mcr-1. The cultures were originally derived from boot swabs (n " 25) of the surrounding areas (up to 500 m downwind and 100 m upwind of the barn), barn flies (n " 3), a barn dog (n " 1), manure (n " 5) and mice faeces (n " 1). Details on sampling and bacterial cultivation can be found in the original publication. 4, 5 In brief, samples were selectively cultivated on MacConkey agar plates containing 1 mg/L cefotaxime, Endo-Enro (2 mg/L) or Gassner agar plates. Mixed sets of bacteria, able to grow on these plates, were stored at #80 C for further investigation. Previously obtained bacteria were recultured in non-selective LB-broth and DNA was prepared from the enriched cultures and screened for the presence of the mcr-1 genes by real-time PCR. 6 Out of the 35 investigated cultures, 7 turned out to be mcr-1 positive, originating from two boot swabs taken 50/150 m from the downwind side of the barn, manure (n " 3), one dog faecal sample and a stable fly (Musca domestica). The overnight cultures of the seven samples were spread on MacConkey agar plates containing 2 mg/L colistin and single E. coli colonies were picked. The presence of the mcr-1 gene was confirmed by conventional PCR and subsequent sequencing. Antimicrobial resistance screening using a VITEK-2 V R compact system (AST-card N248, bioMérieux, Germany) was performed, confirming phenotypic colistin resistance (MIC of 8 or 16 mg/L) for the seven E. coli isolates ( Table 1 ).
All phenotypically colistin-resistant E. coli isolates were used for WGS using Illumina NextSeq 300 bp paired-end sequencing (Illumina, Eindhoven, The Netherlands) and de novo assembled (CLC Genomics workbench v. 9.0, http://www.clcbio.com/). Draft genomes of the isolates were annotated using RAST. 7 In addition, data were used for in silico MLST (MLSTFinder 8 ), resistance genotyping (ResFinder 2. 1 9 ) and plasmid typing (PlasmidFinder 1. 3 10 ). Large contigs containing putative plasmid sequences were verified using the Blast option of Geneious 7.1.2 and visualized using BRIG. 11 The number of single nucleotide polymorphisms (SNPs) in the core genome (defined as orthologous sequence conserved in all seven aligned genomes) was calculated for isolates with the same ST, using Harvest suite 1.0 (parsnp) 12 and MEGA 6.0 (http://www.megasoftware.net). In addition, XbaI digestion and S1-PFGE were performed.
Results and discussion
Among the environmental samples we detected seven mcr-1-positive E. coli strains originating from boot swabs and emission sources such as dog faeces, stable flies and manure. One E. coli isolate per culture was further investigated and showed that five different STs were present (ST10, ST1011, ST1140, ST5281, ST342). Most of the isolates also harboured extensive additional resistance genes ( Table 1) . Some of those STs have been recently described as carriers of the mcr-1 gene. ST1011 was reported from livestock and meat samples in the Netherlands. 13 Furthermore, strains of ST10 have been found in porcine and bovine samples in Belgium 14 and in travellers returning from India, 15 and have been found to be carriers of the new colistin resistance gene mcr-2.
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The number of SNPs in the core genome indicated that the two isolates of ST10 [boot swab 150 m (farm 1) and dog faeces (farm 2)] were highly related, differing by 7 SNPs (1.3 SNPs/Mbp) in the core genome only, while the two isolates of ST1011 [manure (farm 2) and stable fly (farm 3)] displayed 109 SNPs (21 SNPs/Mbp).
In addition, we comparatively analysed the plasmid content of the isolates; mcr-1 was predominantly located on an IncX4-type plasmid (Table 1) , previously reported as one of the major types in the plasmid-driven mcr-1 dissemination. Using Geneious 7.1.2, we screened the WGS data for the recently described IncX4 plasmid pICBEC72Hmcr (ENA accession number CP015977.1, originating from a human patient, 17 33 kb). Using the BLAST option of Geneious 7.1.2 we were able to detect almost the complete Guenther et al.
plasmid sequence of the plasmid pICBEC72Hmcr for four IncX4 isolates ( Figure 1 , Table 1 ). For S-477-1 and S-488-1 a single large contig was present comprising the full pICBEC72Hmcr sequence. For S-492-1 and S-38-1 two contigs (30 and 1.5 kb, and 20 and 10 kb, respectively) with 95% coverage and 99% identity compared with pICBEC72Hmcr could be found (Figure 1 ). In contrast, the IncX4 plasmid of S-504-1 was different from the other plasmids and showed 99% identity to a plasmid recently described in Chinese pigs (NCBI number KM580533).
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As the pICBEC72Hmcr-like plasmid was found in environmental samples from all three farms tested, its transmission potential seems to be high. In addition, we also detected an almost identical plasmid in an isolate (S-2-1, ST540) derived from pooled faeces of the animals in farm 1 (1 contig, 30 kb; Figure 1 ) and its plasmid showed similar S1 nuclease digestion profiles to the plasmid of S-477-1 (data not shown), pointing towards the original source of this plasmid being in the surrounding farm area.
Additional information regarding the antibiotic treatment of the pigs provided further support for the assumption that the original source of the mcr-1-containing IncX4 plasmid might have been located inside the pig farm. In two out of the three farms investigated (farms 1 and 3) colistin was given to the animals during the pre-fattening period, 4 suggesting a possible origin for the emission of colistin-resistant bacteria/plasmids into the environment. To the best of our knowledge, this is the first report of mcr-1 isolated from environmental surface samples close to swine farms. The additional finding in manure is rather unsurprising; however, the positive results for stable flies and barn dog faeces indicate possible additional transmission routes. Our data suggest both the plasmidal spread of the mcr-1 gene in the surroundings of pig farms in north-east Germany as well as to a certain extent a clonal spread, e.g. for two isolates of ST10 differing by only 1.3 SNPs/Mbp. This very low number of SNPs per Mbp is even smaller than the one described for clonal enterohaemorrhagic E. coli (EHEC) strains during the German outbreak 19, 20 (1.8 SNPs/Mbp). WGS-based analysis of the environmental isolates at the core genome and plasmid level showed clear links to mcr-1-harbouring E. coli recovered from pig production in Europe as well as from human clinical isolates worldwide. The presence of the mcr-1 gene in natural environments therefore presents another piece of the puzzle which further complicates the rapidly evolving epidemiology of plasmid-mediated colistin-resistant E. coli strains and simultaneously underlines the importance of the One Health approach. 
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